The ability to use different food sources is likely to be under strong selection if organisms are faced with natural variation in macro-nutrient (protein, carbohydrate and lipid) availabilities. Here, we use experimental evolution to study how variable dietary protein content affects adult body composition and developmental success in Drosophila melanogaster. We reared flies on either a standard diet or a protein-enriched diet for 17 generations before testing them on both diet types. Flies from lines selected on protein-rich diet produced phenotypes with higher total body mass and relative lipid content when compared with those selected on a standard diet, irrespective of which of the two diets they were tested on. However, selection on protein-rich diet incurred a cost as flies reared on this diet had markedly lower developmental success in terms of egg-to-adult viability on both medium types, suggesting a possible trade-off between the traits investigated.
INTRODUCTION
The amount and quality of nutrients consumed by organisms have a strong impact on life-history traits, such as disease vulnerability, fertility, reproduction, longevity and stress resistance [1 -3] . Studies concerned with the impact of nutrition often assess the physiological and morphological responses of individuals exposed to different quality and amount of nutrients. These include studies of the impact of nutrition on body composition [4, 5] , stress tolerance [6, 7] , and reproduction and longevity [8 -11] . Less is known about the long-term/evolutionary consequences of transitions to different diets, although the potential interactions between 'historical' and 'present' diets will ultimately determine the fitness of the resulting phenotype. A classical example of this interaction is seen in humans where native Americans, Inuit and Polynesian populations, which have been adapted to specific food sources for centuries, are more prone to lifestyle-related diseases such as diabetes and cardiovascular diseases when exposed to 'modern' diets with highly processed energy-dense food [12 -14] . Artificial selection experiments have also shown that the selection response is dependent on the nutritional environment, for instance in mice selected for larger body size [15] . Within insects, studies have used experimental evolution to study the impact of diet composition and it has been shown that rearing under alternative diet regimes for multiple generations results in genetically based changes in life-history traits [16, 17] .
Drosophila melanogaster is known to feed and breed on ripe or rotting fruit [18] where protein/carbohydrate ratios vary temporarily and spatially [4, 19] . Together with the fact that D. melanogaster has a short generation time, this makes this species ideal for experimental studies aiming at investigating how diet composition shape the evolution of life-history traits. Here, we test how laboratory selection on diets with varying protein content affect body composition and viability. We investigate the interaction between plastic and evolutionary responses to diets with different protein and lipid content, using replicated experimental evolution approaches. . In all generations prior to the experiment reported here, lines were held at high census size (greater than 1000). In June 2008, flies from all lines were transferred to two novel types of diets; either instant Carolina medium (Carolina Biological Supply, Burlington, NC, USA, formula 4-24 plain) or a protein-enriched diet. Carolina fly medium is a widely used larvae diet for long-term maintenance of D. melanogaster. The proteinenriched diet was made by mixing 60 per cent casein (Sigma C-5890, Sigma-Aldrich) and 40 per cent Carolina medium on the basis of dry weight. Water was added to the medium on a 1 : 1 volume ratio (5 ml water to 1 g medium).
MATERIAL AND METHODS
Five independent replicate lines were set-up on either the standard diet (Carolina medium) or the protein-enriched diet and maintained for 17 generations. In each generation five bottles with approximately 200 flies per bottle were set-up per line and diet type. Throughout the experiment flies were reared at 208C and 12 h light/12 h dark cycles. After 17 generations of rearing on the two diet types, flies from both diet regimes were transferred back to Leeds medium, where they were kept for three generations before testing. This procedure was followed to enable testing of flies in a common garden set-up.
(b) Traits investigated After three generations on Leeds medium (density controlled by allowing 100 flies to lay eggs for 6 h in each of 10 bottles per line), we collected eggs and distributed these onto two experimental rearing diets, consisting of either standard diet or protein-enriched diet. For each of the 20 experimental groups (two selection diets each with five independent lines tested on two test diets), we collected eggs for three replicate vials with 60 eggs in each 40 ml vials. All vials contained 7 ml of diet medium, and egg-to-adult viability was determined from the number of emerging flies.
Approximately 10 female flies (in a few cases we did not get 10 females) were sampled from each combination of selection diet, test diet and line for determination of body size and lipid content. Flies were dried at 608C for 48 h and dry mass was measured to the nearest 10 mg. Body fat was removed by placing individual flies in 1 ml pure petroleum ether for 24 h after which the supernatant was removed. This procedure was repeated, after which the flies were dried again before determination of lean body mass. The total body fat was estimated as initial dry mass minus lean body mass.
(c) Statistical analyses Nested analysis of variances (ANOVAs) were used to test the effects of selection diet (Carolina or protein-enriched), test diet (Carolina or protein-enriched) and their interaction on egg-to-adult viability, body dry mass, lean body mass and relative fat composition. Line was nested within selection diet and test diet. Data on viability and relative body fat were arcsin square root transformed before further analyses.
RESULTS
For all traits investigated, line effects were highly significant (table 1) suggesting that lines responded variably to rearing diet and test diet. Dry body mass and body fat composition were both significantly affected by selection diet with dry mass and lipid content being higher in flies maintained on the protein-enriched diet (table 1 and figure 1) . Flies tested on protein-enriched diet had a higher dry mass and relative lower lipid content compared with flies tested on standard diet (figure 1). This was seen regardless of whether flies had been reared on proteinenriched diet or standard diet for 17 generations prior to testing. Lean body mass was significantly affected by line, selection diet and test diet (table 1) .
Egg-to-adult viability was significantly affected by selection diet with lower viability observed in lines selected on the protein-enriched diet ( figure 1 and table 1 ). We never observed significant interactions between selection diet and test diet ( figure 1 and table 1) . Thus, the evolved responses under different dietary protein compositions were consistent across test diets.
DISCUSSION
Our results demonstrate both plastic and evolutionary consequences on life-history traits when D. melanogaster was exposed to nutritional environments with different protein composition. Rearing flies on diets with different protein content resulted in a clear genetic differentiation after 17 generations. Although flies 
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adapted to the two diet types had different dry mass, lipid content and egg-to-adult viability, our results show that the plastic response to the diet was generally greater than the genetic response for dry mass and per cent lipid (table 1 and figure 1 ). The average difference caused by evolutionary changes between flies adapted to the two diet types were 6 and 5 per cent for dry mass and body lipid composition, respectively, whereas the acute plastic response to a change in diet type were 25 and 36 per cent for those traits (figure 1). For egg-toadult viability flies maintained on the protein-enriched diet for 17 generations maintained on average three quarters of the viability of flies at the standard diet whereas the effect of test diet was non-significant for this trait.
Our study raises the question as to why higher environmental protein availability facilitated directional selection for larger body mass. It has been suggested that larger flies have higher reproductive success [20, 21] , or improved competitive ability [22] . As amino acids are often the limiting building materials during periods of high mass increment, a proteinpoor environment may have impaired selection for flies of large size, while in the protein-enriched environment this constraint is absent and therefore directional selection for higher body mass is possible.
We also found that flies maintained on the proteinenriched diet for 17 generations evolved to become relatively fatter than flies maintained on the standard diet. One mechanism that may have allowed such change could be selection for different utilization efficiency of carbohydrates [16] . Flies maintained on the protein-enriched diet have experienced relatively low access to easy accessible energy sources (carbohydrates). Under such conditions, flies with improved ability to store lipids might have a selective advantage. In contrast, when surplus carbohydrates but limited protein are available a decreased utilization efficiency of carbohydrates may have allowed higher consumption of food to satisfy protein needs without providing the same costs of carrying large-fat deposits.
The fact that the flies evolving under protein-rich/ carbohydrate poor conditions had reduced egg-toadult viability suggests a trade-off between the investigated traits. The trade-off between egg-to-adult survival and body mass could suggest that a limiting shared resource is divided between the two traits. However, the trade-off was found on both diet types. Thus, it is more likely that the trade-off is caused by antagonistic pleiotropy, whereby alleles coding for larger body size which is advantageous under protein-enriched conditions, at the same time have a negative effect on physiological processes that affect survival.
The novel aspect of this study is that natural laboratory selection on a protein-enriched diet favours genetically larger and fatter flies with lower survival probabilities during juvenile life-stages. If this result can be extrapolated to livestock and humans, it introduces interesting challenges and potentials in relation to breeding strategies and diet recommendations. In livestock production, variation in diet composition between farms may affect 'natural selection' of important production traits related to fertility and body composition. Furthermore, results from this experiment indicate that trade-offs between fitness traits may exist when dietary protein content is varied. This may potentially have consequences for populations (including human populations) that in recent times have changed their diet fundamentally. Our data suggest that such a change may simply provide an immediate challenge to the generations exposed to the change. Evolutionary adaptation to the new diet may potentially produce an additional risk through unfavourable trade-offs.
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